The positive health effects of systematic cycling are weighted against the negative effects due to higher pollutant inhalation in the actual case of the city of Milan in northern Italy. The paper first evaluates the actual use of bikes in the city, and then considers why and how much such an active mobility style can be expanded. Two models are used to compare the outcome of cycling on the specific population sample with the equivalent path travelled by car. The first model computes the long term effects of the physical activity, and the second evaluates the exacerbation of some relevant diseases due to the exposure to high levels of pollutants, in the case at hand, mainly particulate matter with diameter smaller than 10 µm (PM 10 ). According to these two models, the overall balance for public health is always in favour of systematic biking. Even the current level of biking, low in comparison to other European cities, allows a considerable economic advantage on the order of tens of millions euros per year. This may increase to hundreds of millions if the biking level of more bike-friendly cities is reached. Despite being much less relevant from the economic viewpoint, the study also estimates the reduction of pollution and greenhouse gas emissions corresponding to the assumed biking levels.
Introduction
Cycling in an urban environment, often characterised by poor air quality, produces both positive and negative effects.
Positive effects can be observed on human health as a consequence of the physical activity performed during cycling, and on the environment, since a bicycle is a zero emission means of transport. From an economical point of view, using a bicycle allows for the saving of money, for example, expenses on fuel consumption, and it can also contribute to the creation of new jobs. The European Cyclists' Federation [1] estimated that cycling generates annually over one billion euros of investments that make cycling one of the largest green employers in Europe.
The negative effects on human health are a consequence of the increased exposure to urban stressors, such as air pollution, noise, and accidents.
Recently, a number of studies have recognized and quantified the impacts on human health of cycling in urban environments (e.g., [2] [3] [4] ). At the same time, real-world experiments are being undertaken in order to understand if the benefits of cycling can outweigh damages related to the inhalation of polluted air. For instance, in New York City and in Pittsburgh in the U.S., as well as in Toronto, Canada [5] and Piacenza, Italy [6] , sample groups of bike commuters are equipped with pollution sensors and an array of health monitors to evaluate the inhaled dose and the health consequences of exposure to air pollutants. More in general, many studies have quantified the health effects of moving in different city microenvironments (e.g., [7] [8] [9] [10] ).
The objective of this work is to evaluate the sustainability of cycling in a specific urban area: Milan in northern Italy. The attention is focused on human health; so, benefits related to physical activity and damages due to air pollution are assessed and compared with reference to the urban environment of a middle-size, highly polluted city.
As in previous works, such as Tainio et al. [4] , the impacts of cycling are appraised by combining two models, one estimating benefits and the other focusing on health and economic losses related to increased exposure. Therefore, data related to level of cycling and of pollutants in the atmosphere are needed, as well as information about the base-case health conditions of the population sample, such as the mortality rate.
The evaluation assumes that a bicycle is used as the alternative to a car. In average cities (with an equivalent diameter of 10 to 20 km), cycling mobility can represent a valid alternative to a car because average bike and car speeds are comparable as consequence of traffic and because car drivers have to spend a non-negligible amount of time looking for parking.
According to a survey by the American company INRIX [11] , in Milan, people spend approximately 52 h per year searching for available parking lots. This confirms a previous study [12] that revealed that people moving to the city centre spent a quarter of their travel time in parking operations.
In this study, we considered the strengths and weakness of systematic cycling for trips to a work/study place; therefore, long-term effects are assessed. Before presenting the results in detail, the effect of cycling on human health is briefly summarized in the following Section, followed by a presentation of the specific characteristics of the case study. The tools adopted for the evaluation are introduced in Section 2. Section 3 analyses the possible consequences of different scenario assumptions, and, finally, some conclusions about actions to be undertaken to promote the population's wellbeing are drawn in Section 4.
Effetcs of Biking on Human Health
Positive effects related to physical activity carried out during cycling appear as a reduction in terms of morbidity and mortality (see, for instance, [13] ). A study performed in the U.K. [14] on a large sample of more than 250,000 workers, who use different means of transport to reach a work place, shows that people using a bicycle gain the benefit of a risk reduction in global mortality equal to 41%, while the reduction in terms of mortality related to heart disease is equal to 52%.
Though a precise mechanistic description of the long-term effect of cycling is not yet fully available, the data show a lower frequency in the occurrence of some diseases, such as cardiovascular diseases, stroke, colon cancer, breast cancer, type II diabetes, anxiety, and depression. According to Robinson et al. [15] , this reduction is due to the fact that physical activity improves aerobic capacity and insulin sensitivity, has positive consequences on the muscle-skeletal system, blood pressure, and memory, and decreases levels of stress hormones [16] .
On the opposite side, cyclists are exposed to higher doses of air pollution, which constitutes possibly the most significant stressor in the urban environment.
As is well-known, the exposure to air pollutants results in respiratory and cardiovascular diseases that lead to an increase in morbidity and mortality. The literature on this topic is extremely rich, starting from the seminal paper by Dockery et al. [17] , and has been reviewed many times (e.g., [18, 19] ) and under various perspectives, until recently [20, 21] . Landrigan [22] summarized the situation, estimating that air pollution was responsible for 4 million deaths worldwide in 2015. The consequences of exposure to air pollution are increased by the higher values of the ventilation rate of cycling. As with all active mobility styles, cyclists show faster respiration with respect to car drivers or public transport passengers, so the amount of inhaled dose of polluted air is greater when people choose a bicycle for urban trips.
Even limiting the urban stressors to air pollution, the problem is not completely defined. The mix of different pollutants normally present may determine different consequences in different classes of peoples (see again [8] ). Furthermore, the pollutant mix differs during the year with, for instance, PM (particulate matter) prevailing in winter and Ozone in summer. Additionally, there may be strong differences in the spatial distribution of pollutants within a city. For instance, concentrations may substantially differ on the two sides of a street canyon and are much higher at traffic lights where cars accelerate, with substantially higher emissions (see, e.g., [23] ).
How to account for these time and space differences is still an open problem (see for instance [24, 25] ). However, future emission patterns as well as future meteorology are affected by a large uncertainty, and the specific path of potential and future cyclists is not known. This prevents the possibility of linking the pollution distribution with the dose inhaled by cyclists in a coherent way. We can thus only rely on a simple general indicator, i.e., the spatial yearly average of the concentration, as in most of the studies quoted above. We also assume a "winner-takes-all" approach and consider only the effects of the most relevant pollutant. A linear approach that sums up all of the impacts of different pollutants can in fact overestimate the negative effects, since air pollutants are strongly correlated [26] . Thus, PM 10 (particulate matter with diameter smaller than 10 µm) is the proxy indicator chosen, because it is representative of the mix of air pollutants, it is highly related to adverse health events, it has a fairly uniform distribution on wide areas, and its concentration is critical for many cities, such as Milan [27] .
The Case of Milan
The city of Milan is in the centre of northern Italy, in an area where peculiar circulation conditions often determine poor air quality, particularly for PM and NOx.
In Milan, cycling mobility is growing: a census [28] reports that the number of cyclists has risen by 56% between 2002 and 2014, and bicycle drawing from the municipal bike sharing system has risen by 244% between 2008 and 2014 [29] .
Nevertheless, cycling mobility in Milan is much less widespread than in other European countries, such as the Netherlands or Denmark.
In the Netherlands, the European country characterised by the highest number of cyclists, 26% of daily trips are by bike; in Amsterdam, a bicycle is used in 32% of daily trips, and there are more than 700 km of cycle paths [30, 31] .
In Italy, only 5% of daily journeys are by bike. In particular, in Milan, in 2013, cycling mobility represented 5.7% of daily trips, while 30.2% of the trips were by car. The Urban Plan for Sustainable Mobility [29] estimates an increase of bicycle trips to 7.1% by 2024, while car trips will be reduced to 22.9%. Also, cycle paths are not widely spread: their length is approximately 167 km, and they are not linked in a single network.
However, in Milan, there are also opportunities to promote cycling mobility. The average length of systematic trips in the city can be evaluated by looking at the origin-destination matrix [32] , which identifies the number of equivalent vehicles (the number of cars and motor-scooters, the last weighted with a homogenization coefficient equal to 0.5) in movement between the 373 zones ( Figure 1 ) that compose the city of Milan on a weekday in traffic peak time between 8:00 a.m. and 9:00 a.m. Using Geographical Information Systems techniques, one can calculate the distance between the centres of gravity of the zones, and, by comparing data on distances and data on numbers of vehicles, we found that 80% of car and motor-scooter trips cover a distance of less than 5 km. This distance can be easily run by bike in 20-30 min, if we assume an average cycling speed of 10 or more km/h. Also, weather conditions can help in promoting cycling mobility. In Milan, the number of rainy days per month is less than in Amsterdam, and the temperatures are usually milder (Figure 2) .
Moreover, the morphology is flat, which constitutes another incentive to choose a bicycle. The other side of the coin of biking in Milan is air pollution, a critical issue in the city, as already mentioned. Also, weather conditions can help in promoting cycling mobility. In Milan, the number of rainy days per month is less than in Amsterdam, and the temperatures are usually milder (Figure 2) .
Moreover, the morphology is flat, which constitutes another incentive to choose a bicycle. The other side of the coin of biking in Milan is air pollution, a critical issue in the city, as already mentioned.
The main air pollutants (PM10, PM2.5, NO2, O3, CO, SO2, and benzene) are monitored by the local environmental agency (ARPA Lombardia), and, for instance, in 2015 the PM10, PM2.5, NO2, and O3 concentrations were higher than at least one of the limits set by legislation in force. In particular, PM10 exceeded both the annual limit of an average of 40 μg/m 3 and the daily limit, which establishes that the daily average particulate matter concentration should not be higher than 50 μg/m 3 for more than 35 days per year: in 2015, the mean annual concentration was 42 μg/m 3 , and the daily limit has been exceeded for 99 days, even when considering only weekdays.
Given these high concentrations, the negative effects caused by the increased exposure to air pollution cannot be disregarded when evaluating the impacts of cycling on human health. Also, weather conditions can help in promoting cycling mobility. In Milan, the number of rainy days per month is less than in Amsterdam, and the temperatures are usually milder ( Figure 2) .
Given these high concentrations, the negative effects caused by the increased exposure to air pollution cannot be disregarded when evaluating the impacts of cycling on human health. The main air pollutants (PM 10 , PM 2.5 , NO 2 , O 3 , CO, SO 2 , and benzene) are monitored by the local environmental agency (ARPA Lombardia), and, for instance, in 2015 the PM 10 , PM 2.5 , NO 2 , and O 3 concentrations were higher than at least one of the limits set by legislation in force. In particular, PM 10 exceeded both the annual limit of an average of 40 µg/m 3 and the daily limit, which establishes that the daily average particulate matter concentration should not be higher than 50 µg/m 3 for more than 35 days per year: in 2015, the mean annual concentration was 42 µg/m 3 , and the daily limit has been exceeded for 99 days, even when considering only weekdays.
Given these high concentrations, the negative effects caused by the increased exposure to air pollution cannot be disregarded when evaluating the impacts of cycling on human health.
Materials and Methods

Cycling Benefits Model
The positive effects produced by physical activity can be assessed using the Health Economic Assessment Tool (HEAT) for cycling model, developed by the WHO in 2014.
The model calculates the reduction of mortality risk and the related economic value, given a level of cycling in a population sample.
HEAT for cycling estimates the effects on mortality and not on morbidity because the current evidence on morbidity is more limited [34] . In particular, the assessment refers to all-cause mortality, because such data are more significant and easily available than cause-specific ones, and because this assumption reduces the model parameters to just one [35] .
Systematic cycling, i.e., a constant physical activity all the year round, normally connected with daily trips to work and to school, determines detectable benefits to human health only after a certain time: HEAT assumes that the positive effects will be fully realized after five years.
The model can be implemented to plan a new infrastructure, to evaluate the reduced mortality from past and current levels of cycling and the related economic consequences, and to provide an input to more comprehensive economic appraisal exercises.
HEAT for cycling must be used on a wide sample of a population (to make average values meaningful) in the range of 20-64 years, which should not be characterised by an already high average level of physical activity (i.e., professional sports).
The data required for the evaluation are:
• The number of cyclists or the amount of trips in terms of average trips per person per day or of the total number of trips observed each day in the studied area; in this case, the proportion of trips that are return journeys needs to be entered;
•
The average time or the average distance spent by bike per person every day. One factor can be transformed into the other by assuming a constant value for speed. HEAT assumes by default a speed value of 14 km/h, on the basis of studies about usual trips to work/study places in Copenhagen and Stockholm [36] ; • The number of days per year when the sample uses a bicycle; • The current mortality rate expressed as the number of deaths for every 100,000 inhabitants; •
The standard value of statistical life, namely an indicator of the economic value of human life; • The time period over which economic benefits are calculated (equal to 10 years by default); • The discount rate (by default, this value is set to 5%) to account for the delay between the starting of the physical activity and realisation of the corresponding benefits; • If available, the cost to promote cycling mobility.
The standard value of statistical life (VSL) is a method to value human life and it is critical to turn evaluations about mortality rates into monetary values. It is normally derived using the willingness-to-pay approach, which means how much a representative sample of the population would be willing to pay in monetary terms for a policy that would reduce their annual risk of dying, for instance, from 3 to 2 in 10,000. By default, HEAT implements the VSL values estimated by the OECD.
The model computes:
• The risk reduction in mortality;
The reduction in mortality levels within the sample population; •
The maximum and mean annual benefits and their current values; and • The total benefit accumulated over 10 years and its current value.
The reduced mortality risk rate (R%) is computed with the equation:
where RR represents the reduction coefficient (relative risk) of mortality, Volume o f cycling measures the time (minutes per week) spent by bike by each cyclist of the sample, while Re f erence volume o f cycling stands for the amount of minutes per week per person taken as reference and is equal to 100 min/week per 52 weeks per year. The model assumes a linear response function (i.e., RR does not depend on the amount of activity) with a relative risk equal to 0.90 (CI 0.87-0.94) for regular physical activity performed for 11.25 metabolic equivalent of task (MET)-hours per week, that is for 100 min per week for 52 weeks of the year using 6.8 MET as an average intensity for cycling. MET is a measure expressing the energy cost of physical activities normalised to a resting metabolic rate set equal to 3.5 mL O 2 kg −1 min −1 : a MET in the range of 1.5-3 identifies a light intensity physical activity, a MET in the range of 3-6 a moderate intensity exercise, and an MET greater than 6 a high intensity physical activity [37] .
This assumption of linearity derives from a number of studies (see Figure 3 ), but is obviously meaningful only in a range not too far from the reference volume. Indeed, to avoid inflated values at the upper end of the range, the risk reduction estimated by HEAT for cycling is capped: after 45% risk reduction, no significant further decrease is calculated (see the yellow line in Figure 3) . Furthermore, the studies used for model calibration are mostly relative to the middle-size cities of industrialized countries (which means a certain type of population). Its application to completely different contexts would require an extensive new calibration.
The reduction in mortality level R, namely the decrease in the number of annual deaths, is evaluated by the product between the reduction in mortality risk and the mortality value (M) expected if the sample would have not been active (Equation (2)). M in turn depends on the number of cyclists (n) and on the non-active population's mortality rate (m).
The standard value of statistical life is used to convert such an estimate into the economic benefits of cycling. where RR represents the reduction coefficient (relative risk) of mortality, measures the time (minutes per week) spent by bike by each cyclist of the sample, while stands for the amount of minutes per week per person taken as reference and is equal to 100 min/week per 52 weeks per year.
The model assumes a linear response function (i.e., RR does not depend on the amount of activity) with a relative risk equal to 0.90 (CI 0.87-0.94) for regular physical activity performed for 11.25 metabolic equivalent of task (MET)-hours per week, that is for 100 min per week for 52 weeks of the year using 6.8 MET as an average intensity for cycling. MET is a measure expressing the energy cost of physical activities normalised to a resting metabolic rate set equal to 3.5 mL O2 kg −1 min −1 : a MET in the range of 1.5-3 identifies a light intensity physical activity, a MET in the range of 3-6 a moderate intensity exercise, and an MET greater than 6 a high intensity physical activity [37] .
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The standard value of statistical life is used to convert such an estimate into the economic benefits of cycling. The maximum annual benefit is estimated as the product between the reduction in mortality level and VSL, while the mean annual benefit averages the maximum benefit taking into account the time periods selected for the uptake of cycling (1 year), the build-up of health benefits (5 years), and the time period over which the economic effects are calculated. The maximum annual benefit is estimated as the product between the reduction in mortality level and VSL, while the mean annual benefit averages the maximum benefit taking into account the time periods selected for the uptake of cycling (1 year), the build-up of health benefits (5 years), and the time period over which the economic effects are calculated.
The total benefits over 10 years, as well as the mean and maximum annual benefits, are weighted by the discount rate to calculate the current monetary value.
The benefits of biking for non-transport activities are not considered in the model [34] .
Cycling Costs Model
To evaluate the negative effects caused by the inhalation of particulate matter, we implemented a model developed by Rojas-Rueda et al. [39] .
As with HEAT for cycling, this model (R-R model, in the following) does not consider the consequences of air pollution on morbidity, but assesses the increase in mortality levels resulting from the inhaled dose of PM 10 . Also, in this case, only long-term effects are considered, which means a systematic exposure to certain concentrations of PM 10 . This makes the model compatible with the assumptions in HEAT.
The approach needs again to define a reference scenario (rest condition) representing the basic exposure to the air pollutants of the sample.
The input data required are:
• The ventilation rate, which assumes higher values for activity characterised by higher energy expenditure, such as cycling.
The model computes the increase in mortality level and the economic evaluation of damages caused by an increased inhalation of polluted air through the standard value of statistical life.
The inhaled dose of polluted air is calculated as the product of ventilation rate, trip duration (T), and PM 10 concentration (C).
Inhaled dose
In this model, as well as in HEAT, the dose-response function, which estimates the number of deaths caused by the inhaled dose of pollutant, is implemented through the relative risk (RR), computed as:
It thus depends on the change in long-term PM 10 exposure that would result from a modal shift compared to the reference scenario (Equivalent change). This is calculated as:
where Total inhaled dose is the sum of the inhaled doses in the reference scenario and during an activity, for example cycling, and C is the mean annual concentration of particulate matter. The increase in mortality risk caused by exposure to polluted air is estimated using Equation (7).
By multiplying A (%) by M, we can assess the number of deaths caused each year by the physical activity in an environment with the given PM 10 concentration [35] .
In the following case study, we assume that a bicycle is used as the alternative to a car, so the model must be run twice, considering firstly cycling, and secondly driving, as activities different from the reference rest scenario. In order to evaluate the impact of cycling, the number of deaths resulting from car exposure is then subtracted from the number of deaths related to cycling exposure.
Analysis of Diffferent Scenarios
We have examined four different scenarios, which have a number of assumptions and parameters in common. They are listed in Table 1 and explained below. The average distance taken as reference is set equal to 7 km, which stands for a trip duration of 30 min by bike, if the default speed value implemented in HEAT for cycling is considered. This duration corresponds to the level of cycling defining a physically active person [40] .
We tested also the possibility of doubling such an amount in order to evaluate the output sensitivity to trip duration.
To define a term of comparison, we also need the trip duration by car, as well as by bike. In Milan, the average hourly car speed ranges from a minimum value of 14.8 km/h to a maximum value of 17.5 km/h [29] at different times; we thus adopted an average car speed of 16.15 km/h. Since a car's speed is slightly higher than a bike's speed, a car's trips are a bit faster, and rest periods that are complementary to trip duration, are different for the two means of transport.
The assumption that the distance covered by car and by bike is the same may be considered rather conservative for bikes, since they can normally run on different (normally shorter) routes within the city and do not have to follow the same lanes as cars. Additionally, as already pointed out, car trips may be 25% longer due to the time spent looking for a free parking stall. These unfavourable hypotheses are partly compensated for by the assumption of a biking speed of 14 km/h, as assumed by HEAT, which represents a situation of reserved and connected bike paths, which is definitely not true for the case at hand.
Day per Year
We assumed the number of working days of 2015, because systematic cycling represents only daily trips to a work or study place. The National Statistical Institute (ISTAT) counted an average of 1704 effective working hours. This results in 213 day/years by working 8 h per day or in 227 days by working 7.5 h; therefore, we fixed 220 days as the input given to the HEAT and R-R models.
Mortality Rate
The assumed mortality rate was derived from that reported for the city of Milan in 2015 in the age group between 20 and 64 years. We refer to this target because people in this group are more likely to move every day in the city to reach their work or study place and because this is coherent with the target population of HEAT for cycling [34] .
The input to the models has been calculated modifying the ratio between deaths and inhabitants actually measured in the city. This was necessary, since a small portion of the inhabitants systematically uses bicycles for daily urban trips, and thus enjoys the consequent positive effects. The mortality of the non-active population used for the HEAT and R-R models is thus higher than that officially reported.
Standard Value of Statistical Life
Even if HEAT for cycling provides a standard value of statistical life for Italy, we implemented a value related to the Lombardy region (to which Milan belongs), because the VSL depends on variables, such as GDP per capita, income level, income growth, and inflation [35] , that vary strongly across Italy.
We obtain the VSL for Lombardy weighing that for Italy in proportion to GDP ratio:
where GDP Lombardy is equal to 34,900 €, greater than that of GDP Italy , which is equal to 26,500 € [41].
RR 10
The value of relative risk estimating the number cases of death for an increase of 10 µg/m 3 in PM 10 concentration, reported by Künzli et al. [26] , has been used.
Ventilation Rate
Ventilation rate depends on energy expenditure, and assumes different values for different activities. Therefore, in this study, we have to define three values: for rest conditions, for bicycle, and for car.
We assumed the values of ventilation rates recommended by Vlachokostas et al. [7] for rest situation and car, while the ventilation rate corresponding to a bicycle speed of 14 km/h has been obtained from a linear regression depending on ventilation rate values reported by the same study and related to a bicycle speed of 8 km/h and 19.3 km/h ( Table 2) . The data input varying across scenarios are the number of cyclists (or people exposed to air pollution) and PM 10 concentration.
As for the number of people currently using a bicycle to move inside Milan, we estimated it from the already mentioned modal split, by assuming that all bike journeys are made by people in the age range 20-64 years, because this group is more likely to move regularly every day.
For particulate matter, we took into account the annual average concentration only of weekdays, when trips to reach work or study places take place. Moreover, we assume that cyclists and car drivers are exposed to the same PM 10 concentration, because the travel itineraries of cyclists and drivers are unknown, so we cannot define specific microenvironments, and the studies reported in the literature lead to conflicting results [37, 42] .
The specific setting of each scenario is described below.
Current Scenario
The first scenario analyses the current situation in Milan. The level of cycling is based on 2013 data from the municipality [29] , when the total number of daily trips was about 3 million, 5.7% of which, namely about 170,000, were by bike. We assume that each person of the sample completes two bike trips each day (to reach a work place and to go back home), so the number of cyclists results in about 85,000.
A mean annual value of PM 10 concentration of 42 µg/m 3 , as estimated from 2015 monitoring data, was assumed.
2024 Scenario
The "2024" scenario simulates a future situation in which we assume a greater number of cyclists, based on modal split estimated for 2024 by the Plan of Urban Sustainable Mobility [29] .
Daily movements should increase to 3,176,000, with 7.1%, namely about 225,000, by bike, corresponding to 113,000 cyclists. The assumed PM 10 concentration remains equal to the current scenario.
Improved Air Quality Scenario
This scenario describes a future situation different from scenario 2024 only for pollutant concentration, as we suppose a decrease in PM 10 each person of the sample completes two bike trips each day (to reach a work place and to go back home), so the number of cyclists results in about 85,000. A mean annual value of PM10 concentration of 42 μg/m 3 , as estimated from 2015 monitoring data, was assumed.
2024 Scenario
Daily movements should increase to 3,176,000, with 7.1%, namely about 225,000, by bike, corresponding to 113,000 cyclists. The assumed PM10 concentration remains equal to the current scenario.
Improved Air Quality Scenario
This scenario describes a future situation different from scenario 2024 only for pollutant concentration, as we suppose a decrease in PM10 level of 5 μg/m 3 . This reduction is consistent with the slightly decreasing trend of PM10 observed in Milan in the last fifteen years (Figure 4) . The transport modes are the same as in the previous scenario. 
Amsterdam Scenario
The Amsterdam scenario assumes that Milan can reach Amsterdam's cycling situation. We apply the percentage of bicycle journeys typical of Amsterdam (32%) to the number of daily trips registered in Milan in 2013 (2,978,000), and, as in previous scenarios, we assume two trips per person each day. This results in an amount of cyclists that is slightly below half a million.
The PM10 concentration is set to be equal to 42 μg/m 3 , as in the current scenario.
Results
Cost-Benefit Anaysis
By analysing and comparing the outputs of the HEAT for cycling model and of the model used to evaluate the effect of PM10 inhalation (R-R model), it turns out that the benefits are far greater than the damages in all of the scenarios considered. In particular, the benefits to damages ratio ranges from 19 to 22, and it remains remarkably stable under different scenarios, thus confirming the robustness of the evaluation. Table 3 shows all of the results in detail in terms of changes with respect to a completely inactive population. Part of the benefits listed have already been acquired, since a portion of daily trips is already by bike.
The highest benefits-damages ratio corresponds to the "Improved air quality scenario" thanks 
Amsterdam Scenario
The PM 10 concentration is set to be equal to 42 µg/m 3 , as in the current scenario.
Results
Cost-Benefit Anaysis
By analysing and comparing the outputs of the HEAT for cycling model and of the model used to evaluate the effect of PM 10 inhalation (R-R model), it turns out that the benefits are far greater than the damages in all of the scenarios considered. In particular, the benefits to damages ratio ranges from 19 to 22, and it remains remarkably stable under different scenarios, thus confirming the robustness of the evaluation. Table 3 shows all of the results in detail in terms of changes with respect to a completely inactive population. Part of the benefits listed have already been acquired, since a portion of daily trips is already by bike.
The highest benefits-damages ratio corresponds to the "Improved air quality scenario" thanks to the reduction in PM 10 concentration that leads to fewer adverse effects.
Therefore, in Milan, despite the high level of particulate matter inhaled during cycling, the positive consequences resulting from physical activity are far greater than the disadvantages, and cycling can be thus considered a highly beneficial mobility mode. The negative effects, reported in Table 3 , are obtained by subtracting the negative consequences experienced when car is used to effects related to cycling in order to comply with the assumption that a bicycle is used as the alternative to a car. If we consider, for example, the 2024 scenario, the mortality risk when people choose bicycles and cars for 30 min/day increases by about 1.56 and 0.39, respectively, under the same PM 10 exposure and by assuming that cyclists and car drivers travel on the same path. This difference is due to the lower ventilation rate characterising car drivers with respect to cyclists.
If we analyse the relationship between the outputs of the models and trip duration, it results that both advantages and disadvantages raise linearly with the increment in time. For example, we can observe ( Figure 5 ) that, in the 2024 scenario, if we increase the trip duration from 30 min/day to 60 min/day, the reduction in risk mortality estimated by HEAT goes from 13% to 25%, while the increase in mortality risk due to the inhalation of polluted air increases from 0.66% to 1.33%.
This linear pattern can obviously be observed for all of the scenarios and for all of the outputs provided by the models. Therefore, in Milan, despite the high level of particulate matter inhaled during cycling, the positive consequences resulting from physical activity are far greater than the disadvantages, and cycling can be thus considered a highly beneficial mobility mode. Table 3 . Outputs of the HEAT for cycling and the R-R models for different scenarios when trip duration is equal to 30 min/day.
Improved Air Quality Scenario Amsterdam Scenario
Variation in mortality risk (%)
HEAT 13 13 The negative effects, reported in Table 3 , are obtained by subtracting the negative consequences experienced when car is used to effects related to cycling in order to comply with the assumption that a bicycle is used as the alternative to a car. If we consider, for example, the 2024 scenario, the mortality risk when people choose bicycles and cars for 30 min/day increases by about 1.56 and 0.39, respectively, under the same PM10 exposure and by assuming that cyclists and car drivers travel on the same path. This difference is due to the lower ventilation rate characterising car drivers with respect to cyclists.
This linear pattern can obviously be observed for all of the scenarios and for all of the outputs provided by the models. Since the positive effects are far greater than the negative ones for all scenarios analysed, we focus the attention on net benefits.
The impacts of cycling in terms of mortality risk in different scenarios are summarised in Figure  6 . Mortality risk depends on travel time and on PM10 concentration; therefore, it is unchanged (equal to 12.34%) in the 2024 and Amsterdam scenarios, while it increases in the improved air quality scenario because of the lower PM10 levels assumed. Nevertheless, a reduction of 12% in particulate Since the positive effects are far greater than the negative ones for all scenarios analysed, we focus the attention on net benefits.
The impacts of cycling in terms of mortality risk in different scenarios are summarised in Figure 6 . Mortality risk depends on travel time and on PM 10 concentration; therefore, it is unchanged (equal to 12.34%) in the 2024 and Amsterdam scenarios, while it increases in the improved air quality scenario because of the lower PM 10 levels assumed. Nevertheless, a reduction of 12% in particulate matter concentration (from 42 µg/m 3 to 37 µg/m 3 ) corresponds to an output variation of less than 1% (from 12.34% to 12.42%), so the net benefits are robust to change in pollutant level. Again, this is due to the fact that the advantages are far more consistent than the adverse effects. (from 12.34% to 12.42%), so the net benefits are robust to change in pollutant level. Again, this is due to the fact that the advantages are far more consistent than the adverse effects. The output describing change in mortality level, namely in number of deaths per year, is illustrated in Figure 7 .
Unlike mortality risk, the results on mortality level change for different scenarios because they depend on the number of people in the sample. Death reduction is expressed as the percentage of the number of deaths in the age range 20-64 years, in the city, with reference to 2015.
In the current situation, the level of cycling and the amount of inhaled PM10 are already responsible for a death reduction of 1.3% with respect to a non-active population, while in both future scenarios (2024 and improved air quality) the benefit increases to 1.6%, since they do not obviously depend on the pollutant concentration. Variation in mortality level is, on the contrary, sensible to the number of cyclists: in the Amsterdam scenario, where there is an increase in the dimension of the sample, the mortality reduction is approximately 7%, much higher than the results found in the other scenarios. When the benefits of cycling mobility on mortality are translated into monetary terms (Figure  8 ), the current situation already provides a reduction of 58 million €/year (the activity has already been going on for years), with respect to a completely inactive population. This represents 2.4% of the health cost paid each year by the city of Milan. Such a value has been estimated by weighing the value available for the Lombardy region for 2010, 18 billion € [41] , with a factor given by the ratio of Milan and Lombardy inhabitants, and it turns out to be around 2.4 billion €/year. 1.6%
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1.3% Figure 6 . Reduction in mortality risk when travel duration is set equal to 30 min/day.
The output describing change in mortality level, namely in number of deaths per year, is illustrated in Figure 7 .
In the current situation, the level of cycling and the amount of inhaled PM 10 are already responsible for a death reduction of 1.3% with respect to a non-active population, while in both future scenarios (2024 and improved air quality) the benefit increases to 1.6%, since they do not obviously depend on the pollutant concentration. Variation in mortality level is, on the contrary, sensible to the number of cyclists: in the Amsterdam scenario, where there is an increase in the dimension of the sample, the mortality reduction is approximately 7%, much higher than the results found in the other scenarios. (from 12.34% to 12.42%), so the net benefits are robust to change in pollutant level. Again, this is due to the fact that the advantages are far more consistent than the adverse effects. The output describing change in mortality level, namely in number of deaths per year, is illustrated in Figure 7 .
In the current situation, the level of cycling and the amount of inhaled PM10 are already responsible for a death reduction of 1.3% with respect to a non-active population, while in both future scenarios (2024 and improved air quality) the benefit increases to 1.6%, since they do not obviously depend on the pollutant concentration. Variation in mortality level is, on the contrary, sensible to the number of cyclists: in the Amsterdam scenario, where there is an increase in the dimension of the sample, the mortality reduction is approximately 7%, much higher than the results found in the other scenarios. When the benefits of cycling mobility on mortality are translated into monetary terms (Figure  8 ), the current situation already provides a reduction of 58 million €/year (the activity has already been going on for years), with respect to a completely inactive population. This represents 2.4% of the health cost paid each year by the city of Milan. Such a value has been estimated by weighing the value available for the Lombardy region for 2010, 18 billion € [41] , with a factor given by the ratio of Milan and Lombardy inhabitants, and it turns out to be around 2.4 billion €/year. When the benefits of cycling mobility on mortality are translated into monetary terms (Figure 8 ), the current situation already provides a reduction of 58 million €/year (the activity has already been going on for years), with respect to a completely inactive population. This represents 2.4% of the health cost paid each year by the city of Milan. Such a value has been estimated by weighing the value available for the Lombardy region for 2010, 18 billion € [41] , with a factor given by the ratio of Milan and Lombardy inhabitants, and it turns out to be around 2.4 billion €/year.
In the 2024 and improved air quality scenarios, the economic advantages increase up to approximately 77 million €/year, i.e., 3.2% of the health expenditure, while the greatest positive effects, 325 million €/year, equal to 13.5% of the health cost, are achieved in the Amsterdam scenario.
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In the 2024 and improved air quality scenarios, the economic advantages increase up to approximately 77 million €/year, i.e., 3.2% of the health expenditure, while the greatest positive effects, 325 million €/year, equal to 13.5% of the health cost, are achieved in the Amsterdam scenario. 
Effects on CO2 and PM10 Emissions
We quantified the possible reduction of CO2 and PM10 emissions in the atmosphere, compared to the current situation, if the number of cyclists assumed by the 2024 and Amsterdam scenarios will use a bicycle in alternative to the car.
This estimation makes use of CO2 and PM10 emission factors, which are different for petrol and diesel cars and for European classes. For each pollutant, we estimate two average emission factors, one for petrol cars and one for diesel cars, as a weighted average of the emission factor of a Euro class (provided by INEMAR, Lombardy Region Air Emission Inventory [44] ) and the number of vehicles belonging to that category (Table 4) . The second value needed is the number of petrol and diesel cars replaced by bicycles: it is obtained by applying the percentage of petrol and diesel vehicles to the number of cyclists assumed in the scenarios; therefore, the number of vehicles replaced by bike is different for the 2024 and Amsterdam scenarios (Table 5) . Finally, the reduction of CO2 and PM10 emissions is calculated as the product of the reduced number of cars, the related emission factor, and the average distance covered in each trip (set equal to 7 km). 
Effects on CO 2 and PM 10 Emissions
We quantified the possible reduction of CO 2 and PM 10 emissions in the atmosphere, compared to the current situation, if the number of cyclists assumed by the 2024 and Amsterdam scenarios will use a bicycle in alternative to the car.
This estimation makes use of CO 2 and PM 10 emission factors, which are different for petrol and diesel cars and for European classes. For each pollutant, we estimate two average emission factors, one for petrol cars and one for diesel cars, as a weighted average of the emission factor of a Euro class (provided by INEMAR, Lombardy Region Air Emission Inventory [44] ) and the number of vehicles belonging to that category (Table 4) . The second value needed is the number of petrol and diesel cars replaced by bicycles: it is obtained by applying the percentage of petrol and diesel vehicles to the number of cyclists assumed in the scenarios; therefore, the number of vehicles replaced by bike is different for the 2024 and Amsterdam scenarios (Table 5) .
Finally, the reduction of CO 2 and PM 10 emissions is calculated as the product of the reduced number of cars, the related emission factor, and the average distance covered in each trip (set equal to 7 km). If the 2024 scenario is implemented, the reduction of CO 2 and PM 10 emissions would be approximately 7600 t and 2 t, respectively, per year, while in the Amsterdam scenario the reduction can be on the order of 100,000 t of CO 2 and 28 t of PM 10 (Table 6) .
Such reductions represent only a small portion of the total annual emissions of these substances in Milan due to urban traffic: the decrease in emission is around 0.6% of traffic emission for the 2024 scenario and 8% for the Amsterdam scenario. Traffic, in turn, constitutes about 44% of the overall PM 10 emissions and 30% of GHG emissions of the city. Additionally, it must be noted that, in the present case, PM 10 emissions are only a component of particulate matter concentration, since this is (for about half) of secondary origin, and thus is determined by the atmospheric chemistry of other precursors, like NOx and volatile organic compounds. Given the complexity of the emission and meteorological situation, these reductions will thus determine only a very small, though positive, impact on the overall air quality of the city [45] . 
Discussion and Conclusions
As damages are negligible compared to benefits, the model outputs are robust to variation in PM 10 concertation: a decrease of 12% in the level of particulate matter results in a variation of less than 1% in mortality risk reduction.
The model outputs are on the contrary sensible to the number of cyclists, the key variable on which local authorities must act: the economic benefits can increase from the current value on the order of tens of millions of euros per year up to a few hundreds of millions if the number of people systematically using bicycles grows up to the percentage of Amsterdam.
Besides the particulate matter concentration and the number of cyclists, the outputs depend on trip duration too: in particular, there is a linear relationship between health/economic benefits and time spent travelling by bike.
These results are obtained by assuming that the PM 10 mean annual concentration is the same in the entire city of Milan and that cyclists and car drivers are exposed to the same concentration of pollutants. This may not be the case if they travel through different microenvironments or if cars are equipped with sophisticated filters for cleaning interior air. In this study, we estimated only the effects of cycling on human health and air quality, but other impacts should be taken into account when performing a comprehensive analysis of bicycle sustainability.
Other advantages indeed result in a more liveable urban environment. When bicycles replace cars in urban trips, less road infrastructure is necessary. A parked bicycle occupies less than 8% of the area used by a car and a 2 m large cycle path has a capacity of 2000 cyclists per hour, while the same capacity in terms of cars requires a 4 m large road [46] . The freed spaces can be changed into parks and green areas that make the city a better place to live [16] .
Other positive consequences are observed from an economic point of view, since the spread of cycling mobility creates new workplaces in, for example, bike production, sale, and service [47] . According to the same study by the World Health Organization, if the city of Rome could reach the level of cycling of Copenhagen, the number of new jobs related to the cycling industry would be equal to 3500.
Also, the reduction in fuel expenditure is a positive effect, but is likely to be only a negligible percentage of the overall transportation budget in the specific case of Milan. Finally, bikes reduce urban traffic noise which cause annoyance, sleep disturbance, and cardio-vascular diseases, such as hypertension [38] .
Cycling in an urban environment could potentially lead to some negative effects, the most important of which are traffic accidents involving cyclists. Indeed, the number of deadly accidents per kilometre is higher between cyclists than car drivers: de Hartog et al. [48] estimated that the ratio between the number of deaths of cyclists and car drivers is equal to 5.5.
However, disadvantages due to collisions soften if cycling increases; this phenomenon, known as "safety in numbers" [49] , means that the current Italian value of about 10 cyclists every 100 million km losing their lives in traffic accidents may go down to the Netherlands value of about 1, when the average distance increases from 1 to 3 km per person per day.
The evaluation reported in the present study proves the sustainability of using bicycles systematically even in a polluted urban environment. The cost-effectiveness of this means of transport has been shown in different studies from around the world, e.g., in United Kingdom and Finland, Belgium, and New Zealand [16] .
Cycling mobility must thus be encouraged. Actions promoting cycling mobility, such as bike sharing and the construction of cycle paths, do not immediately result in an increase in the number of cyclists [50] ; therefore, actions discouraging the use of cars, such as the implementation of congestion charges and 30 km/h zones, need to be considered. For example, in Milan, a congestion charging area, AREA C, has been active since 2012 on each weekday in the historic city centre and covers an area of 8.2 km 2 . AREA C imposes a ban on circulation to most polluting vehicles, allows free access to electric cars, and restricts access to the city centre of all other vehicle categories by applying a daily charge of 5 €. This regulation reduced the traffic by about 30% from January 2012 to June 2014, so it appears to be an efficient intervention to reduce car trips in the centre of the city. Nevertheless, traffic is still consistent in Milan: the INRIX [11] report places Milan at the tenth position in Europe for traffic congestion, at about half of the congestion of London, which has about seven times as many inhabitants. To further reduce the use of cars, congestion charging can be implemented in other parts of the city and the price of a daily ticket can be increased as in other European cities.
The available modelling tools, such as HEAT for cycling and the R-R model, may play a key role in mobility planning. They can be easily implemented for many urban environments and allow to introduce human health considerations in the benefits/cost analyses related to transportation and urban planning, in general.
